Abstract-Conventional voltage mode control only offers limited performance for LLC series resonant dc-to-dc converters experiencing wide variations in operating conditions. This paper presents average current mode control which could consistently provide good closed-loop performance for LLC resonant converters for the entire operational range. The proposed control scheme employs an additional feedback from the current of the resonant tank network to overcome the limitation of the existing voltage mode control. The principles, implementation and performance of the average current mode control scheme are investigated to identify their respective merits and limitations compared with conventional control schemes. The accuracy of dynamic analysis and validity of control design are confirmed with both computer simulations and experimental measurements using 150W prototype converter.
INTRODUCTION
LLC series resonant dc-to-dc converters with wide input and load variations are traditionally controlled by voltage mode control in which the output voltage alone is employed as the feedback signal [1] [2] [3] [6, 7] . The performance of voltage mode control is directly influenced by potential changes in power stage dynamics [1] . Accordingly, it is quite possible that a control design is optimized at one particular operating point becomes less appropriate when the operating condition is varied. The resulting design would become overly conservative and offers only limited performance at other operating points. As an effective and a viable control schemes for LLC series resonant converters, current-mode control has been already proposed to improve the closed-loop performance [5] . The superiority of the current-mode control over the conventional voltage-mode control was verified.
This paper proposes average current-mode control as another useful variation of current-mode control [5] . In addition to voltage feedback compensation, the proposed average current-mode control scheme employs additional current feedback compensation into current feedback loop, which functions as a low-pass filter. The average currentmode control forces the scaled average of resonant tank current to follow the constant output of voltage feedback compensation. The average current-mode control generates a continuous current feedback signal, which is not subject to the ripple components of composite control signal contrary to those of conventional current-mode control. Accordingly, the proposed average current mode control could retain desired closed-loop performance for the entire operational range.
First, the operational modes and operational region of LLC converters are identified. Second, small-signal dynamics are presented to address the limitation of conventional voltage mode control. Third, the principles, implementation, and smallsignal analysis of proposed average current-mode control are illustrated. Then, the design considerations for proposed average current-mode control are discussed, which includes the current feedback compensation and the optocoupler-isolated voltage feedback compensation. Finally, the closed loop performance of proposed average current-mode control is demonstrated in comparison with the conventional voltage mode control.
II. LLC SERIES RESONANT CONVERTER
The operational modes, operational region of the LLC series resonant converter and, four extreme operating points are defined at wide variations in operating conditions. Fig. 1 shows the circuit diagram of the experimental LLC converter employing the proposed average current-mode control. As a typical off-line power supply, the input voltage of the converter is varied between 340 390
A. Circuit Configuration
, while the load current can also be changed between1 6
. In addition to an optocoupler-isolated voltage feedback circuit, the current loop is equipped with a current feedback compensation followed by a current sensing network, which is configured using a center-tapped current transformer and a rectifier circuit.
B. Operational Mode and Operational Region
The distinctive operational mode of LLC converter for the given input and load specifications can be classified as Mode 1 and Mode 2 on the input-to-output voltage gain curves with a different load condition, as shown in Fig. 2(a) . And, operational region is also marked around the unit normalized frequency based on the location of the operating point in Fig.  2 On the other hand, in Mode 2, the operating point lies on the right-hand side of the peak gain point. The switching frequency of the converter is given as
resonant frequency of the LLC tank. Contrary to mode 1, the reactance of m L becomes comparable with the other reactive components and starts to influence the tank characteristics, resulting in the small-signal dynamics markedly different from those of Mode 1. Fig. 2(b) shows the expanded view of the operational region in which all the operating points of the LLC converter is located for the given input and load conditions, two horizontal lines are drawn for the input voltage variation, while two voltage gain curves are determined from the load current requirement. On the operational region, the four extreme operating points (Points A, B, C, and D) are shown. Fig. 2 [4, 8] .
Referring to

A. Small-Signal Power Stage Dynamics
Since the dynamic analysis and control design will be mainly focused on representative operating Points A and B, the power stage small-signal dynamics and closed-loop performance are evaluated at these two operating points. The PSIM time-domain simulation model is used for theoretical predictions [1, 5, and 10] . Theoretical predictions are then presented in parallel with experimental measurements. H s is the transfer function of the current feedback circuit, since the operational region of the given LLC converter spans both Mode 1 and Mode 2, the converter encounters substantial changes in the small-signal dynamics. This change is illustrated in Fig. 4(a) , which depicts the pole/zero trajectories of the frequency-to-output and frequency-to-tank current transfer functions. G s .This is the main benefit for the proposed average current-mode control scheme, which can be shown in Fig. 7 (b), the control-to-output transfer function characteristics evaluated at the presence of current feedback. Detailed discussions about the substantial changes in the small-signal power stage dynamics are given in [1] [2] [3] .
B. Limitations of Conventional Voltage Mode Control
In conventional voltage mode control, the output voltage alone is employed as the feedback signal. Accordingly, ( [1] . Point A exhibits the second-order behavior with unfavorable phase characteristics and thus can be considered as the worst-case operating condition. As demonstrated in [1] , a three-pole two-zero compensation can be employed to achieve stable operation with good dynamic performance at Point A. However, the resulting design would become overly conservative and only offers limited performance at other operating points than Point A.
IV. AVERAGE CURRENT-MODE CONTROL
In order to overcome the limitation existing in the conventional voltage mode control, the average current-mode control is adapted to LLC series resonant converter. The basic principles, implementation, and analysis of small-signal dynamics for the proposed scheme are presented. 
A. Principles and Implementation of Average Current-Mode
Control Fig. 5 (a) shows functional circuit diagram for the average current-mode control adapted to LLC series resonant dc-to-dc converter. In this control scheme, the resonant tank current is sensed through the current sensing network. The sensed current is converted into a voltage signal, x v and processed through the current feedback circuit, which consists of an error amplifier along with a current feedback compensation, The sensed voltage signal x v ,which is a scaled replica of the resonant tank current, is also a rectified sinusoidal waveform. In the average current mode control, a voltage replica of the resonant tank current x v is constructed using the center-tapped current transformer and the rectifying circuits. Then, it is fed to the current feedback compensation, which functions as a low-pass filter. Accordingly, average current mode control generates a continuous current feedback signal s v , which is not subject to the higher ripple components as shown in Fig. 5 
The composite control signal S v is given as an input to the voltage controlled oscillator. 
And (5) is approximated to
Assuming the condition,
, which is true over most frequency range of practical importance. Fig. 3(b) shows the numerator of (6), which corresponds to the control-tooutput transfer function ( ) vco G s in case of the conventional voltage mode control. The denominator of (6), which corresponds to the gain of the inner current loop created by the tank current feedback. From Fig. 4(b) , a close examination reveals that the transition pattern of the control-to-tank current transfer function closely resembles with the transition pattern of control-to-output transfer function. This is because any drift in power stage dynamics will commonly propagate into i s f s , therefore will exert the same influence on the numerator and denominator of (6).
Accordingly, the consequences of any changes in power stage dynamics will be cancelled in (6) and the control-tooutput transfer function will remain mostly invariant. Fig. 7(a) shows the PSIM model for control-to-output transfer function ( ) vci G s , evaluated with resonant tank current feedback. And, Fig. 7(b) shows the control-to-output transfer function ( ) vci G s at the two different operating points. The transfer function indeed shows consistent characteristics for wide frequency range. The benefit of the tank current feedback is clearly seen when Fig. 7(b) is compared with Fig.  3(b) . Namely, the control-to-output transfer function remains mostly unchanged for wide frequency range and the voltage feedback compensation thus can be designed for optimal performance for the entire operational range.
V. DESIGN OF AVERAGE CURRENT-MODE CONTROL
The implementation of the proposed average current-mode control requires the design of both the current feedback and voltage feedback compensation.
A. Current Feedback Compensation Design
A distinctive feature of the average current mode control is the existence of current sensing network ( ) i H s and current feedback compensation ( ) C G s , which affects both the current loop and voltage loop gain.
1)
Current Sensing Network ( ) i H s Design: Due to the presence of the rectifier circuit, the current feedback circuit presents a first-order low pass filter transfer function which is shown in the Table I in Fig. 6(b) , and the parameters are selected as 50 [5] .
2) Current Feedback Compensation ( )
c G s Design: Assuming a two-pole one-zero circuit for the current feedback compensation. According to the control design procedure, all the parameters are systematically selected based on the power stage parameters and operating conditions. Nonetheless, it is commonly necessary to precisely adjust dc gain of current feedback compensation c K for optimal closed loop performance. The Fig 8(a) As the parameter c K increases, the crossover frequency of ( ) vci G s decreases, and for the design of 550 c K = , magnitude characteristics of ( ) vci G s are getting peaking and crossing 0-dB line making the converter to be unstable. For the design of 100 c K = , the phase characteristics evaluated at the crossover frequency leads to a insufficient phase margin, which degrades the performance of the proposed control scheme.
An important observation is made from the Fig. 8(a) that the change in c K affects both the magnitude and the phase of the control-to-output transfer function ( ) vci G s characteristics, evaluated at the presence of current feedback, thereby considering the current loop gain crossover frequency and the stability margins of the system, the optimum value of dc gain for the current compensator is selected as an intermediate value for the above two design. For the given system, 217 c K = is selected as an optimum value, and providing good closed loop performance to the proposed control scheme.
B. Voltage Feedback Compensation Design
In order to design the voltage feedback circuit, it might be necessary to find an exact expression for the control-to-output transfer function ( ) vci G s , evaluated at the presence of the tank current feedback [9] . However, this task will be overly challenging due to the complex power stage dynamics. As an alternative engineering practice, ( ) vci G s can be approximated as a third-order polynomial, based on the general profile of the Bode plots shown in Fig. 7(b) . 
The zero frequency 1/ ( )
is determined by the esr and capacitance of the output filter capacitor. The pole frequency 1 pl ω usually appears at lower frequencies. From the Bode plots in Fig. 7(b) , the location of this pole is approximated as 1 For the given control-tooutput transfer function structure, a simpler two-pole one-zero compensation is implemented using an optocoupler, would provide desirable loop gain characteristics [1] .
The one pole of denominator (9) VI. PERFORMANCE OF AVERAGE CURRENT-MODE CONTROL This section presents the closed-loop performance of average current-mode control adapted to an experimental LLC series resonant dc-to-dc converter.
A. Loop Gain
To highlight the merits of average current-mode control, the performance of average current-mode control is presented in parallel with that of the voltage mode control, based on the design procedures proposed in [1] . Fig. 9(a) shows the time domain simulation model to extract the loop gain characteristics of proposed scheme and Fig. 9(b) and Fig. 9(c) represents the theoretical loop gain characteristics at Point A and B in comparison with the experimental measurements with the voltage mode and average current-mode control schemes.
As predicted in Section III-B, the loop gain of the voltage mode control is directly influenced by the changes in the control-to-output transfer function and shows considerable variations at the two different operating points. In contrast, average current-mode control exhibits desirable loop gain characteristics with the minimal changes in both the crossover frequency and phase margin, as shown in Fig. 9(c) . With the proposed average current-mode control case, the loop gain crosses the 0-dB line at 
B. Output Impedance
The output impedance of the voltage mode control also shows substantial drifts at Point A and B in upper bode plot of Fig. 10(a) . In particular, the output impedance shows a peak value of -22dB at Point A. On the other hand, the average current-mode control shows near-uniform output impedance characteristics at both Point A and B in the lower bode plot of Fig. 10(a) . The peak value of the output impedance is limited by -30 dB.
C. Step Load Transient Response
The Fig. 10(b) and Fig. 10(c) shows the comparision between the mesasured transient waveforms of the output voltage and the tank current for the experimental converter due to the step load change ( 1 6 O I A A = ⇒ ) in the load current at the given operating conditons of voltage mode control and average current-mode control. Accordingly, the voltage mode control reveals poor performance due to the inferior loop gain and output impedance characteristics, yielding longer response time with larger overshoot or undershoot. As expected from the loop gain and the output impedance characteristics of average current-mode control produce superior transient behavior and faster response in both the tank current T i , and output voltage O v , thereby highlighting the merit of the proposed average current-mode control.
VII. CONCLUSION
This paper presented the principles and implementation of average current-mode control scheme for LLC series resonant dc-to-dc converters to overcome the limitation existing in the conventional voltage mode control. The pole/zero trajectory and its structure for the control-to-output and control-to-tank current transfer functions resembles each other, therefore using the additional current feedback compensation from the resonant tank effectively cancels any possible changes in the power stage dynamics and consistently provides desired closed-loop performance for the entire operational region. The practical details about the current compensation and the voltage feedback compensation design techniques were also addressed. The time-domain simulation models were also presented to investigate the theoretical predictions of smallsignal dynamics of LLC series resonant converter, which showed good accuracy with the experimental results. 
